The budding yeast, Saccharomyces cerevisiae, has three cullin proteins, which act as platforms for Cullin-based E3 ubiquitin ligases. Genetic evidence indicates that Cul8, together with Mms1, Mms22, and Esc4, is involved in the repair of DNA damage that can occur during DNA replication. Cul8 is thought to form a complex with these proteins, but the composition and the function of Cul8-based E3 ubiquitin ligases remain largely uncharacterized. Herein, we report a comprehensive biochemical analysis of Cul8 complexes. Cul8 was found to form a Cul8-Mms1-Mms22-Esc4 complex under physiological conditions, with Mms1 bridging Cul8 and Mms22 and Mms22 bridging Mms1 and Esc4. Domain analysis demonstrated that the N-terminal region of Mms1 and the C-terminal region of Mms22 are required for the Mms1-Mms22 interaction, whereas the N-terminal region of Mms22 is required for the Mms22-Esc4 interaction. We also found other Cul8-Mms1-binding proteins Ctf4, Esc2, and Orc5 using yeast two-hybrid screening. Esc4 and Ctf4 bound to Mms22 directly and bound to Cul8-Mms1 in the presence of Mms22, whereas Esc2 and Orc5 interacted with both Cul8 and Mms1, independently. We found that Cul8, Mms1, and Mms22 participated in the regulation of transcriptional silencing of yeast telomeres. These results suggest that Cul8-Mms1, as part of various protein complexes, is involved in the regulation of chromatin metabolism.
The ubiquitin/proteasome-dependent protein degradation system is a highly regulated and specific system for targeted protein degradation and is involved in virtually all of the biological processes in eukaryotes. In this system, the ubiquitin is conjugated to a substrate protein, and subsequent polyubiquitination of the substrate ultimately creates a recognition site for the 26 S proteasome. The specificity of protein degradation is determined by the recognition of specific substrates at specific times.
Protein ubiquitination involves three enzymes: E1, 3 E2, and the ubiquitin ligase E3. Only E3 ligases can directly recognize specific substrates, i.e. they determine substrate specificity. There are many different types of E3 ligases. One such E3 is the cullin-based ubiquitin ligase. The Skp1-cullin-F-box protein (SCF) complex is the most studied cullin-based E3 ubiquitin ligase (1, 2) . SCF consists of the RING finger protein, Rbx1, cullin, Cul1/Cdc53, the adapter protein, Skp1, and a substrate recognition subunit, which is an F-box protein. Rbx1, Cul1, and Skp1 are constitutive subunits of SCF, but the F-box protein is a variable subunit; multiple F-box proteins are present in cells and respond to different substrates.
Multiple and different cullins are found in different species, e.g. humans have six cullins, namely Cul1 through Cul5 and Cul7. Each cullin has specific adapter proteins and substrate recognition substrates, such as Elongin BC and Cul2-box proteins for Cul2, BTB (Bric-a-brac, Tramtrack, Broad complex) proteins for Cul3, Ddb1 and Cul4-box proteins for Cul4, Elongin BC and SOCS box proteins for Cul5, and Skp1 and F-box proteins for Cul7. The budding yeast, Saccharomyces cerevisiae, has three cullins: Cul1/ Cdc53, Cul3, and Cul8/Rtt101. It is well established that Cul1 is part of the SCF complex, which has many functions, including cell cycle regulation. Cul3 may be involved in the degradation of the RNA polymerase subunit, Rpb1 (3) . Unlike Cul1 and Cul3, Cul8 is not similar to sequences of human cullins (4) . Cul8 is involved in repression of yeast transposable element transition (5) . Cells that have been cul8-deleted (cul8⌬) show constitutive checkpoint activation and anaphase delay (4) . A double deletion of CUL8 and RAD9-the protein product of the latter mediates the activation of the DNA damage checkpoint-suppresses checkpoint activation and anaphase delay, suggesting that spontaneous DNA damage occurs in cul8⌬ cells (4) .
Genome-wide genetic interaction mapping has shown that CUL8, MMS1, MMS22, and ESC4/RTT107 form an epistatic group (6, 7) . Acetylation of Lys 56 of histone H3 is important for damage tolerance (8) , and a recent study has shown that Cul8, Mms1, and Mms22 act downstream of the Lys 56 acetylation pathway (7) . Deletion of CUL8, MMS1, MMS22, or ESC4 sen-* This work was supported in part by grants from the Ministry of Education, sitizes the cells to DNA-damaging agents (9 -12) . Cul8, Mms1, and Mms22 have been proposed to promote sister-chromatid exchanges at stalled DNA replication forks (13) . Recently, Luke and co-workers (14) showed that Cul8 forms a complex with Mms1 and that either Crt10 or Mms22 interacts with Mms1 to produce a Cul8-Mms1-Crt10 or Cul8-Mms1-Mms22 complex in vivo, suggesting that Mms1 probably acts as the adapter protein of Cul8-type complexes. Furthermore, Esc4 reportedly interacts with Mms22 and Cul8 (12, 15) . However, the molecular composition(s) and function(s) of Cul8-based E3 ubiquitin ligases remain largely uncharacterized. Herein, we report that Cul8 forms at least four different protein complexes: Cul8-Mms1-Mms22-Esc4, Cul8-Mms1-Mms22-Ctf4, Cul8-Mms1-Esc2, and Cul8-Mms1-Orc5. We also show that Cul8 is involved in telomeric transcriptional silencing.
EXPERIMENTAL PROCEDURES
Yeast Techniques-Yeast strains used in this study are listed in Table 1 and were constructed using PCR-based homologous recombination. For the spot assays, the cells were grown to an A 600 of 1.0 and serially diluted in 10-fold increments. Then 4 l of each serial dilution was spotted onto the indicated medium. The serially diluted cultures were incubated at 30°C for 2-4 days. To measure cell viability, the cells were cultured in yeast extract-peptone-dextrose (YPD) to an A 600 of 1.0, and then methyl methanesulfonate (MMS) was added to the culture. The cells were cultured for an additional 1.5 h, then diluted with YPD, and plated onto YPD plates. The cells were incubated for 2 days, and the visible colony numbers were counted.
Immunopurification and Mass Spectrometry-To purify Cul8-binding proteins, cells were cultured in 1 liter of YP-galactose to an A 600 of 1.0. Then the cells were collected and suspended in lysis buffer (40 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.2% (w/v) Triton X-100, protease inhibitors) and lysed with a French press (Thermo). The extracts were clarified by centrifugation; the cleared lysates were incubated with anti-FLAG M2-agarose (Sigma). Bound proteins were eluted by incubating the beads with FLAG peptides. The eluates were resolved by SDS-PAGE and stained with Coomassie Brilliant Blue. The gels were cut into five pieces according to molecular weight. The proteins were digested with trypsin and analyzed by liquid chromatography-tandem mass spectrometry, as described (16) .
Immunoprecipitation and Immunoblotting-Yeast extracts used for immunoprecipitation were prepared as follows. The cells were harvested from 25 ml of mid-log phase cultures and lysed in 50 mM HEPES-KOH, pH 7.5, 150 mM NaCl, 5 mM MgCl 2 , 5% (w/v) glycerol, 0.1% (w/v) Nonidet P-40, 0.1% (w/v) Tween 20, and protease inhibitors by bead beating in a multi- To examine protein-protein interactions, strains harboring bait and prey clones were grown to an A 600 of 1.0, and 4 l of each culture was spotted onto synthetic defined plates containing Ade and Ura. The cultures were incubated at 30°C for 3-4 days and then photographed. A, yeast cell extracts were prepared from the Cul8 -3FLAG-expressing strain. Proteins that bound to Cul8 in vivo were isolated by immunoprecipitation with anti-FLAG, resolved by SDS-PAGE, and then stained with Coomassie Brilliant Blue. B, baculoviruses expressing Myc-Cul8, FLAG-Mms1, and His 6 -HA-Mms22 were co-transfected into Sf21 cells. The cells were lysed, and the proteins were immunoprecipitated with antibodies to the three tags. Immunoprecipitates were analyzed by immunoblotting. ␣ means anti-. C, yeast strains YSI25 (containing Cul8-Myc, Mms1-HA, and Mms22-Pk) and YSI38 (containing Cul8-Myc, mms1⌬, and Mms22-Pk) were cultured in YPD. The proteins in extracts were immunoprecipitated with the antibodies used for the experiments of Fig. 1B , and immunoprecipitates were analyzed as in B. D, baculoviruses expressing Myc-Cul8, FLAG-Mms1, His 6 HA-Mms22, and HSV-Esc4 were cotransfected into Sf21 cells. Immunoprecipitation was performed, and the immunoprecipitates were analyzed in the same manner as the experiments of Fig. 1B . E, yeast strain YSI29, for which its endogenous Cul8, Mms1, Mms22, and Esc4 were epitope-tagged as indicated in the figure, was cultured in YPD. Immunoprecipitation was performed, and the immunoprecipitates were analyzed as for the experiments shown in Fig. 1B . F, yeast strains, YSI29 (for which its endogenous Cul8, Mms1, Mms22, and Esc4 were epitope-tagged as indicated in the figure) and YSI38 and YSI34 (which were identical to YSI29 except that MMS1 or MMS22 was deleted, respectively) were cultured in YPD. Immunoprecipitation was performed, and the immunoprecipitates were analyzed in the same manner as the experiments in B. IP, immunoprecipitation; WT, wild type.
RESULTS

Cul8 Forms a Cul8-Mms1-Mms22-Esc4
Complex-To identify Cul8-binding proteins, we generated yeast cells that could express C-terminal FLAG-tagged Cul8, with its expression under the control of the GAL1 promoter. Proteins bound to Cul8 in vivo were purified by co-immunoprecipitation with anti-FLAG, fractionated by SDS-PAGE, and stained with Coomassie Brilliant Blue (Fig. 1A) . Mass spectrometric analysis of the co-precipitated proteins revealed that Mms1 and Mms22 co-immunoprecipitated with Cul8.
To investigate how Cul8 binds to Mms1 and Mms22, Sf21 insect cells were co-infected with various combinations of baculoviruses that contained the genes for Myc-Cul8, HAMms1, and His 6 -FLAG-Mms22. Complexes were immunoprecipitated from cell lysates with antibodies to the epitope (Fig.  1B) . Immunoblot analyses of the resulting precipitates revealed that Cul8 interacted with Mms1 and Mms22 when all three proteins were co-expressed, suggesting that they formed a trimeric complex. Additionally, Cul8 bound to Y1 in the absence of Mms22, and Mms1 bound to Mms22 in the absence of Cul8. Conversely, Cul8 did not bind to Mms22 in the absence of Mms1. Next, we examined whether the trimeric complex was formed in yeast cells under physiological conditions. Using a yeast strain in which Cul8, Mms1, and Mms22 were epitopetagged with Myc, HA, and Pk, respectively, we found that endogenous Cul8 interacted with endogenous Mms1 and Mms22. When MMS1 was deleted, the interaction between Cul8 and Mms22 was not detected (Fig. 1C) . Combined with the binding data, the simplest explanation for these observations is that in the proposed trimeric complex, Mms1 bridges Cul8 and Mms22. This finding is consistent with that of Luke and co-workers (14) , who showed that an interaction between overexpressed Mms1 and Mms22 occurred subsequent to DNA damage. However, we observed binding between Mms1 and Mms22 even in the absence of DNA damage by MMS, and that MMS was not required for Mms1-Mms22 binding (supplemental Fig. S1 ). Therefore, we concluded that Mms1-Mms22 binding was independent of prior DNA damage, at least under the conditions we used.
Esc4 has been identified as an Mms22-binding protein by two-hybrid screening (15) , and Esc4 also co-immunoprecipitates with Cul8 (12). We co-expressed Myc-Cul8, FLAGMms1, His 6 -HA-Mms22, and HSV-Esc4 in Sf21 insect cells in various combinations and looked for an interaction between Esc4 and the other proteins by co-immunoprecipitation (Fig.  1D ). Esc4 interacted with Cul8, Mms1, and Mms22 when all four proteins were co-expressed. In the absence of Mms1, Esc4 bound to Mms22, but not to Cul8; moreover, Esc4 did not bind to Mms1 or Cul8 in the absence of Mms22. Next, we examined whether the Cul8-Mms1-Mms22-Esc4 complex could form in yeast cells (Fig. 1E) . In an extract of yeast strain that carried epitope-tagged Cul8-Myc, Mms1-HA, Mms22-Pk, and Esc4- FLAG, we observed that Esc4 interacted with Cul8, Mms1, and Mms22. However, only some of the Esc4 present formed a complex with Cul8-Mms1-Mms22. Therefore, Cul8-Mms1-Mms22 and Esc4 might have partially overlapping functions, which is supported by the recent observation that cul8⌬ and esc4⌬ have additive effects on MMS sensitivity (14) . The interaction between Cul8 and Esc4 was not detected in mms1⌬ cells and was greatly reduced in mms22⌬ cells (Fig. 1F) . Fig. 2A, left panel) and co-expressed them with Cul8 and Mms22 in Sf21 cells. We examined the ability of the Mms1 deletion mutants to interact with Cul8 and Mms22 by immunoprecipitation and immunoblot analysis ( Fig. 2A, right panel) . Although full-length Mms1 bound to Cul8, all of the deletion mutants lost the ability to bind to Cul8, suggesting that an intact Mms1 structure was required for interaction with Cul8. Conversely, full-length Mms1 and its deletion mutants ⌬601-900, ⌬901-1200, and ⌬1201-1408 bound Mms22, implying that the N-terminal region of Mms1 (residues 1-600) was required for binding to Mms22. Next, a series of Mms22 deletion mutants was expressed in Sf21 cells (Fig. 2B) . Because the Mms22 deletion mutants showed different expression levels, cell extracts (excluding that of ⌬1201-1455) that contained similar amounts of the Mms22 mutants were mixed with cell lysates that had expressed Mms1 and Esc4. After incubation at 4°C for 1 h, the lysates were subjected to immunoprecipitation using anti-HA antibody. Immunoblot analysis of the resulting precipitates revealed that full-length Mms22, ⌬1-300, ⌬301-600, and ⌬901-1200 efficiently bound Mms1. However, the interaction between Mms22 and Mms1 was reduced when residues 601-900 were deleted and not detected when residues 1201-1455 of Mms22 were deleted. Furthermore, ⌬1-300 almost completely lost the ability to bind to Esc4. These results suggest that the N-and C-terminal regions of Mms22 were required for interaction with Esc4 and Mms1, respectively. Although ⌬1201-1455 was expressed at low levels, it is unlikely that this mutant had a global folding defect because it interacted with Esc4.
Identification of a New Complex Containing Cul8 Using Yeast Two-hybrid Screening-To further investigate the function of the Cul8 complex, we performed yeast two-hybrid screening using either Mms1 or Mms22 as bait. Use of Mms1 as the bait resulted in the isolation of Esc2 (a members of the RENi family of SUMO-like domain proteins) (19 -22) and Orc5 (a subunit of the origin recognition complex, or ORC) (23) (24) (25) (26) (27) . When Mms22 was the bait, we identified Ctf4, a replication fork-associated protein (28 -31) . We found that Esc2 and Orc5 interacted with Mms1 but not with Mms22 and that Ctf4 interacted with Mms22 but not with Mms1 ( Fig. 3A and supplemental  Fig. S2A ). To investigate how Esc2, Orc5, or Ctf4 interacted with Cul8-Mms1, we expressed FLAG-tagged Esc2, Orc5, or Ctf4 under the control of the ADH1 promoter in yeast that also expressed both Cul8-Myc and Mms1-HA. The cell lysates were subjected to immunoprecipitation with anti-FLAG. Immunoblot analysis of the resulting precipitates showed that all FLAGtagged proteins interacted with Cul8-Myc and Mms1-HA (Fig.  3B) . We did not notice any differences in binding between these proteins in the absence or presence of MMS, suggesting that these interactions were not dependent on DNA damage (data not shown). Because Esc2, Orc5, and Ctf4 were isolated as proteins bound to the Cul8 complex, we tested the possibility that they were substrates for the complex. These proteins were relatively stable, however, and did not accumulate substantially in cul8⌬ cells or upon treatment of the cells with the proteasome inhibitor, MG132 (data not shown). Although we cannot rule out the possibility that ubiquitination of these proteins . Because LexA-Mms22, to some extent, self-activated HIS3, at least 10 mM of 3-AT was required to suppress the background level of expression. B, co-immunoprecipitation of the Cul8 complex with Ctf4, Esc2, or Orc5. FLAG-Ctf4, FLAG-Esc2, or FLAG-Orc5 was expressed from a single-copy plasmid under the control of the ADH1 promoter. The FLAG-tagged proteins were immunoprecipitated with anti-FLAG, and their possible coimmunoprecipitation with Cul8 and Mms1 was examined by immunoblotting with anti-HA or anti-Myc, respectively. IP, immunoprecipitation.
occurred locally and transiently, we presume that they were not substantially degraded by the Cul8 complex.
Cul8-Mms1-Esc2 and Cul8-Mms1-Orc5 Complex FormationTo identify which subunits of the Cul8 complex bind to Esc2, we expressed FLAG-Esc2 under the control of the ADH1 promoter in yeast that also expressed Cul8-HA, Mms1-HA, or Mms22-HA. The cell lysates were subjected to immunoprecipitation with anti-HA. Immunoblot analysis of the resulting precipitates showed that both Cul8 and Mms1 interacted with Esc2, whereas Mms22 did not (Fig. 4A) . These findings are consistent with the results of our two-hybrid experiments, which revealed an interaction between Mms1 and Esc2 but not between Mms22 and Esc2. The results also imply that although Esc2 can interact with Cul8-Mms1, it cannot do so if Mms22 is bound to Cul8-Mms1. By immunoprecipitation experiments, it was found that Esc2 interacted with Mms1 in cul8⌬ extracts and with Cul8 in mms1⌬ extracts (Fig. 4B) . Furthermore, Orc5 interacted with Mms1 in cul8⌬ extracts and with Cul8 in mms1⌬ extracts (Fig. 4C) . The results of two-hybrid experiments are consistent with those of immunoprecipitation; Esc2 and Orc5 interacted with Cul8 in mms1⌬ cells and with Mms1 in cul8⌬ cells (supplemental Fig. S2B ). Together, these results indicate that both Esc2 and Orc5 bound independently to Cul8 and Mms1.
Cul8-Mms1-Mms22-Ctf4 Complex Formation-Next, we investigated the interaction between the Cul8 complex and Ctf4. Unlike Esc2 and Orc5, Mms22 clearly interacted with endogenous Ctf4 (Fig. 5A) . Furthermore, Mms22 and Ctf4 co-immunoprecipitated when overexpressed in Sf21 cells, suggesting that these proteins directly bound to each other (Fig.  5B) . The two-hybrid assay also showed that Mms22 and Ctf4 interacted even in the absence of Mms1 (Fig. 5C) . Recent studies have shown that the F-box protein, Dia2, binds to Ctf4 via an N-terminal TPR motif (32, 33) . To determine the Ctf4 sequences needed to bind Mms22 and Dia2, we performed two-hybrid experiments using truncated mutants of Ctf4 (Fig. 5D) . For Mms22 to interact with Ctf4, the N-terminal 454 residues of the latter, which include the WD40 motif, were found to be necessary. Conversely, Dia2 ⌬F did not require all of the first 454 residues of Ctf4 for binding but rather needed residues 234 -706. These results suggest that the two proteins recognized different parts of Ctf4. It has been reported that ctf4⌬ cells are sensitive to DNA-damaging agents (34) . If Ctf4 is part of a Cul8 complex and plays a role in the suppression of drug sensitivity, it might be expected that the presence of Cul8 and Ctf4 has a nonadditive effect on drug sensitivity. The double mutant cul8⌬ctf4⌬ was equally sensitive to hydroxyurea, MMS, and camptothecin, compared with ctf4⌬ (Fig. 6, A and  B) , suggesting that Cul8 and Ctf4 are part of the same pathway. In comparison with cul8⌬, ctf4⌬ was much more sensitive to MMS, indicating that Ctf4 has an additional function that does not involve a Cul8 complex. As a control, the ctf4⌬rad54⌬ double mutant had an additive effect on drug sensitivity, suggesting that Ctf4 and Rad54 function in separate pathways. The cul8⌬, mms1⌬, and mms22⌬ mutations had nonadditive effects on ctf4⌬, indicating that they function as a Cul8-Mms1-Mms22-Ctf4 complex (Fig. 6D) . The histone acetyltransferase, Rtt109, which is responsible for histone H3 Lys 56 acetylation, has been found to act upstream of Cul8 (7). As expected, rtt109⌬cul8⌬ had a nonadditive effect with respect to MMS sensitivity (Fig. 6C) . The rtt109⌬ mutant was much more sensitive to MMS than was cul8⌬, indicating that Rtt109 has a function unrelated to that of the Cul8 complex. The rtt109⌬ctf4⌬ double mutant had an additive effect, suggesting that the functions of these proteins partially overlap (Fig.  6D) . Recent reports showed that, in terms of MMS sensitivity, esc4⌬cul8⌬ produced an additive effect (14) . As expected, esc4⌬ctf4⌬ had an additive effect on MMS sensitivity (Fig. 6D) , suggesting that Ctf4 and Esc4 assemble into the Cul8-Mms1-Mms22 complex separately and that the Cul8- but not with Mms22. FLAG-Esc2 was expressed from a single-copy plasmid under the control of the ADH1 promoter. Endogenous Cul8-HA, Mms1-HA, or Mms22-HA was immunoprecipitated with anti-HA, and then any FLAG-Esc2 that had co-immunoprecipitated was identified by immunoblotting with anti-FLAG.
The asterisk indicates a cross-reacting band. B, co-immunoprecipitation of Cul8-Myc or Mms1-HA with Esc2. FLAG-Esc2 was expressed from a single-copy plasmid under the control of the ADH1 promoter. FLAG-Esc2 was immunoprecipitated with anti-FLAG, and then endogenous Cul8-Myc and Mms1-HA that had co-immunoprecipitated were identified by immunoblotting. C, co-immunoprecipitation of Cul8-Myc or Mms1-HA with Orc5. The experiments were performed as in C, except that Orc5-FLAG was used instead of Esc2-FLAG. IP, immunoprecipitation.
Mms1-Mms22-Ctf4 and Cul8-Mms1-Mms22-Esc4 complexes function differently when suppressing MMS sensitivity.
Involvement of Cul8 Complex in Telomeric
Silencing-Esc4, Esc2, Orc5, and Ctf4 are involved in gene silencing (19, 22, 24, 25) . Therefore, we tested whether Cul8 is also involved in gene silencing. Using a yeast strain in which URA3 was integrated into the chromosome near the telomeric region (35), we assayed for telomeric gene silencing by measuring cell growth on plates containing 5-fluoroorotic acid, which counterselects cells expressing URA3 gene (Fig. 7) . The wild type, esc4⌬, and esc2⌬ cells grew on 5-fluoroorotic acid plates, whereas cul8⌬, mms1⌬, mms22⌬, or ctf4⌬ grew very slowly.
These results indicated that the Cul8 complex was involved in telomeric gene silencing.
DISCUSSION
Cul8/Rtt101 is a cullin protein reportedly involved in the regulation of DNA replication subsequent to DNA damage (4, 5, 11) . Herein, we show that Cul8 can physically interact with several proteins, many of which have been reported to be involved in DNA replication and gene silencing. Our results indicate that, for Cul8 to be functional, it must be part of a multi-protein complex (supplemental Fig. S3 ). We also established the order of complex formation using immunoprecipitation to examine the ability or inability of a given protein to interact with Cul8 when the other proteins of the complex were absent in vivo. The possibility that gene deletion indirectly affected the order of complex formation cannot be completely excluded; however, the binding data obtained with recombinant proteins from insect cells favor the simplest explanation that if a component of the complex is required for an interaction between other components, then the first component bridges the interaction between the other components.
Cul8-Mms1-Mms22-Esc4 Complex-By immunoprecipitating either the endogenous yeast proteins or the recombinant proteins of the Sf21 insect system, we found that Cul8, Mms1, Mms22, and Esc4 formed a complex. We also found that in the Cul8-Mms1-Mms22-Esc4 complex, Mms1 bridged Cul8 and Mms22 and Mms22 bridged Mms1 and Esc4. It was recently reported that Mms1 binds Cul8 directly and mediates the binding of either Mms22 or Crt10 (14) . One conflict between that study and ours is that in the former, Mms22 bound to Mms1 only in the presence of MMS, whereas we observed that Mms1 and Mms22 interacted even when DNA had not been damaged. Although the reason for this discrepancy is not clear, it may have arisen because we examined the interaction of chromosomally expressed endogenous proteins, whereas the other study examined interactions with overexpressed plasmid-derived Mms22. Further experimentation will be required to understand the regulation of the interaction. Because Esc4 binding to Cul8-Mms1 is dependent on Mms22 and its inter- A, endogenous Mms22-HA was immunoprecipitated from yeast extracts, and endogenous Ctf4-FLAG that had co-immunoprecipitated was detected by immunoblotting with anti-FLAG. B, recombinant His 6 HA-Mms22 and Ctf4-FLAG were expressed in Sf21 insect cells. Co-immunoprecipitation of Ctf4 with Mms22 was assessed. C, two-hybrid interactions between Mms22 and Ctf4. The L40 host strain and mms1⌬ were transformed with bait (BD) plasmids and prey (AD) plasmids. Yeast strains were plated onto synthetic defined plates, with or without histidine, and with or without various amounts of 3-amino-1,2,4-triazole (3-AT) or histidine and 5-bromo-4-chloro-3-indolyl ␤-galactoside (X-Gal). D, identification of the Mms22-and Dia2-binding domain in Ctf4. The host strain L40 was transformed with bait (BD) plasmids and various prey (AD) plasmids containing Ctf4 deletion mutants. (The Dia2 ⌬F construct is missing the F-box sequence, which increased the strength of the two-hybrid interaction (32) .) The yeast strains were plated onto synthetic defined plates, with or without histidine, and with or without 15 mM of 3-AT. IP, immunoprecipitation.
action with Mms22 is independent of Cul8 and Mms1 in Sf21 cells, we concluded that Esc4 bound to Mms22 directly. In yeast extracts, however, we observed that a small amount of Cul8 co-immunoprecipitated with Esc4 in the absence of Mms22. We do not understand the significance of this interaction, but there might be an unidentified Mms22-like protein in vivo that also can bridge Esc4 and Mms1. Our results also show that only a fraction of the Cul8-Mms1-Mms22 complex bound to Esc4. This observation is consistent with a recent report that the effects of cul8⌬ and esc4⌬ are additive with respect to DNAdamaging agents (14) . Presumably, Cul8-Mms1-Mms22 and Esc4 have both overlapping and independent functions. Using domain analysis, we found that the N-terminal region of Mms1 was required for binding to Mms22. The sequence of this region is highly conserved between Mms1 and human Ddb1. Furthermore, the comparable region in Ddb1 has been implicated in binding to human Ddb2 (14) . These results suggest that Mms1 and Ddb1 are structurally related. Conversely, we showed that the N-terminal region of Mms22 is required for binding to Mms1. We noticed that the sequences of the Cul8-Mms1-binding proteins, Esc2 and Orc5, are weakly similar in this region. Additionally, mutations in the Esc2 sequence within this region weakened the Cul8-Mms1-Esc2 interaction. 4 Therefore, this region might serve as a Cul8-Mms1-binding motif, as does the F-box sequence for Skp1. 4 T. Yamaguchi and T. Kamura, unpublished results. 
Cul8-Mms1-Esc2 and Cul8-Mms1-Orc5
Complex-Using yeast two-hybrid screening, we isolated Esc2, Orc5, and Ctf4 bound to Cul8-Mms1. Esc2 and Orc5 also bound to Cul8-Mms1 in the absence of Mms22. We concluded that Mms22, Esc2, and Orc5 bind to Mms1 independently to form Cul8-Mms1-Mms22, Cul8-Mms1-Esc2, and Cul8-Mms1-Orc5 complexes, respectively. Unlike Mms22, which binds to Mms1 but not to Cul8, Esc2 and Orc5 bind to both Cul8 and Mms1. By analogy with the composition of the SCF complex, we hypothesize that Mms1 acts as an adapter protein for Cul8, as Skp1 does for Cul1. As noted above, Esc2 and Orc5 bind to both Cul8 and Mms1. Their abilities to bind to both Cul8 and Mms1 contrasts with the binding of the F-box proteins, which bind to Skp1 but not to Cul1. It has been reported, however, that both mammalian Cul2 and Cul5 use Elongin BC as adapter proteins but use different substrate recognition proteins (Cul2 box and Cul5 box proteins, respectively) (36) . The Cul2 box consists of the BC box, which binds to elongins B and C, and the VHL box. The Cul5 box consists of the BC and SOCS boxes. Thus, these substrate recognition proteins presumably interact with adapter proteins and with cullin to determine the specificity of the complex. Perhaps Esc2 and Orc5 bind to the Cul8-Mms1 complex in a similar manner. To determine the true function of these subunits, we need to identify substrates for the Cul8 complex and determine which subunit(s) they bind. Orc5 is a subunit of the ORC, which recognizes and binds to the replication origin sequence (23) . Thus, the interaction between Cul8-Mms1 and Orc5 implies that Cul8 may be involved in regulation of DNA replication origins. We do not know whether Orc5 binds to Cul8-Mms1 as a monomer or as part of an ORC. If it binds as a monomer, then Orc5 might have specific and different functions.
Cul8-Mms1-Mms22-Ctf4 Complex-Unlike Esc2 and Orc5, Ctf4 binds to Mms22, just as Esc4 does. Ctf4 is a relatively stable protein in vivo, and in our studies its stability was unaltered whether Cul8 was present or absent (data not shown). Thus, we assumed that most of the Ctf4 present was not ubiquitinated by the Cul8 complex. Genetic analysis also showed that the effects of cul8⌬ and ctf4⌬ on drug sensitivity were not additive, suggesting that the Cul8 complex and Ctf4 are part of the same pathway. Given the physical interaction found for the Cul8 complex and Ctf4, we speculated that Ctf4 and Esc4 might act as loading proteins for the Cul8 complex at DNA damage sites. Ctf4 is a component of the replisome, and thus its participation would be an ideal way to load the Cul8 complex at a stalled replication fork. The Cul8 complex would be required to ubiquitinate and degrade those proteins that might otherwise prevent DNA repair or allow replication to resume. In addition to Ctf4, Esc4 might also help load the Cul8 complex onto a DNA damage site independently of Ctf4. Esc4 has six BRCT motifs, which make up a phosphoprotein-binding motif that is common to many proteins involved in DNA repair (37) . Both Cul8 and Esc4 have been reported to bind to chromatin, depending on DNA damage, and Esc4 is required for Cul8 chromatin binding (12) . Thus, we speculate that Esc4 binds to a damaged DNA site along with many phosphoproteins (e.g. histone H2A) and by doing so recruits Cul8 to the site.
The Involvement of the Cul8 Complex in Telomeric Gene Silencing-Cul8-binding proteins are sometimes involved in gene silencing (19, 22, 24, 25) . In our study, we showed that telomeric silencing was diminished by deletion of CUL8, MMS1, MMS22, or CTF4. Our genetic data strongly suggest that the Cul8-Mms1-Mms22-Ctf4 complex is responsible for telomeric silencing. Interestingly, it has been reported that, for fission yeast, pcul4, a possible functional homolog of Cul8, participates in gene silencing (38) . Thus, the silencing function of the Cul8 complex would be conserved across species. It was recently reported that regulation of acetylation of the histone H3 Lys 56 residue is required for efficient telomeric silencing (39, 40) . Ctf4 is also involved in telomeric silencing (25) . Cul8 might be loaded onto telomeric chromatin via interaction with Ctf4 and might be involved in telomeric silencing by modulating chromatin structure. It would then assist in silencing ubiquitinating inhibitor proteins, such as histone demethylase. Alternatively, Cul8 might regulate epigenetic transmission of silenced chromatin upon DNA replication.
In summary, we report that Cul8 of the budding yeast, S. cerevisiae, forms a variety of complexes and is involved in DNA damage responses and gene silencing. Crt10, a Cul8-Mms1-binding protein, is known to be involved in the transcription of ribonucleotide reductase genes (14) . It may be that Cul8 participates in a variety of biological processes by forming different protein complexes. The substrates of the Cul8 complex are unknown, however, and thus identification of the substrates will increase our understanding of how the Cul8 complex functions.
